The purpose of this phase I clinical trial was to evaluate the safety, tolerability and potential efficacy of VM202, naked DNA expressing two isoforms of hepatocyte growth factor, as an adjunct therapy to coronary artery bypass grafting (CABG) in patients with ischemic heart disease (IHD). Nine patients were assigned to receive increasing doses (0.5 to 2.0 mg) of VM202 injected into the right coronary artery (RCA) territory following completion of CABG for the left coronary artery territory. Patients were evaluated for safety and tolerability, and changes in myocardial functions were monitored via echocardiography, cardiac magnetic resonance imaging and myocardial single photon emission computed tomography throughout 6-month follow-up period. No serious complication related to VM202 was observed throughout the 6-month follow-up period. Global myocardial functions (wall motion score index, P ¼ 0.0084; stress perfusion, P ¼ 0.0002) improved during the follow-up period. In the RCA region, there was an increase in the stress perfusion (baseline vs 3-month, P ¼ 0.024; baseline vs 6-month, P ¼ 0.024) and also in the wall thickness of the diastolic and systolic phases. Intramyocardial injection of VM202 can be safely used in IHD patients with the tolerable dose of 2.0 mg. In addition, VM202 might appear to have improved regional myocardial perfusion and wall thickness in the injected region.
INTRODUCTION
Despite the importance of complete revascularization for the treatment of ischemic heart disease (IHD), about 10 to 25% of patients who undergo coronary intervention such as percutaneous coronary intervention or coronary artery bypass grafting (CABG) still remain incompletely revascularized. [1] [2] [3] In these patients, adjunct therapies are necessary in addition to maximal anti-anginal medication. Although ischemia induces collateral flow, it is sometimes insufficient to satisfy coronary perfusion demands. Thus, therapeutic angiogenesis using a growth factor that leads to complete revascularization could increase the survival rate of patients who have not been completely healed by coronary grafting alone.
Hepatocyte growth factor (HGF) is one of the most promising candidates for novel biologics due to its mitogenic, motogenic, angiogenic and anti-apoptotic effects. 4, 5 In addition, HGF can generate more ideal vasculature in the ischemic area by promoting migration of vascular smooth muscle cells as well as endothelial cell proliferation. [6] [7] [8] [9] HGF has received great attentions for its functions of cardiac protection and angiogenesis via HGF-cmet system that exists for the heart. [10] [11] [12] We have demonstrated that intramyocardial injection of naked DNA expressing two isoforms of HGF, VM202RY and pCK-HGF-X7, hereinafter VM202, induced significant angiogenesis at the infarct-border zone, and increased the left ventricular stroke volume in a porcine myocardial infarction model. 13 In addition, two phase I clinical trials for critical limb ischemia patients using VM202 were previously performed in China and US, which demonstrated both the safety and therapeutic potentials (as evidenced by increase of ankle-brachial index and toe-brachial index, and decrease of pain severity) of VM202. 14, 15 The aims of this study were to evaluate the safety and tolerability, as well as to investigate the potential efficacy of VM202 as an adjunct therapy to CABG in patients with reversible perfusion defect in right coronary artery (RCA) region that have not been amenable to revascularization.
RESULTS

Patient demographics
Among sixteen patients who were pre-enrolled, nine completed the study protocol. Two third of the patients (6/9) were male, and the mean patient age was 62.6 ± 8.8 years. All patients had histories of ischemic cardiomyopathy, and although some had taken previous anti-anginal medications, none had undergone any intervention such as percutaneous coronary intervention and CABG. The detailed subject demographics are summarized in Table 1 . At baseline, six out of nine patients had histories of hypertension and diabetes mellitus. Among the six diabetes patients, two had diabetic retinopathy but there was no evidence of proliferative pattern upon fundoscopic examination. In addition, all patients were shown to have severe three vessel disease including hypoplastic RCA as per the baseline coronary angiography.
Safety and tolerability A total of nine subjects were treated with VM202 in the RCA territory. Intramyocardial injection of VM202 was well tolerated at doses as high as 2.0 mg. There were no signs of systemic and/or local inflammatory reactions directly related to VM202 or the injection procedure throughout the 6-month follow-up period. A total of 112 non-drug-related adverse events (AEs) was reported in nine patients (cohort I, 58; cohort II, 18; and cohort III, 36). They were caused mainly by the general prognosis of CABG and the deterioration resulting from the underlying disease. All AEs were resolved with or without additional treatments during the followup period. One patient (cohort I) experienced 41 non-drug-related AEs. This subject had previously been diagnosed as a spinal stenosis, and while being prepared for lumbar/lumbosacral spinal surgery, she was diagnosed as angina pectoris. She was treated with 0.5 mg of VM202 in the RCA territory as an additional therapy to off-pump CABG. No unexpected serious adverse events (SAEs) or deaths were observed during the follow-up period. HGF protein levels in plasma remained stable throughout the study without any noticeable change, and antibodies to human HGF proteins expressed by VM202 injection were not detected in serum during the follow-up period (Table 2 ).
Efficacy analysis
The global and regional myocardial functions were assessed at 3 and 6 months after the VM202 treatment using cardiac magnetic resonance imaging (MRI) and myocardial single photon emission computed tomography (SPECT) and trans-thoracic echocardiography (TTE).
Global myocardial function. There was no statistical change in left ventricular ejection fraction (LVEF) on TTE throughout the 6-month follow-up period (P ¼ 0.6477; Table 3 ). However, improvement of wall motion score index (WMSI) became more statistically significant as time elapsed (P ¼ 0.0084). Cardiac MRI showed that cardiac output remain unchanged during the followup period (P ¼ 0.5514). Myocardial SPECT for global myocardial function revealed a total of 84 segments of under-perfusion (rest perfusion À stress perfusion: X7%) at baseline. Stress perfusion was significantly increased 3 and 6 months after the VM202 treatment (P ¼ 0.0002). Also, there was a tendency of rest perfusion improvement during the follow-up (P ¼ 0.0801). In addition, an increase of systolic thickening was observed 6 months after the treatment (P ¼ 0.038, by Wilcoxon signed rank test).
Regional myocardial function. Using myocardial SPECT, we investigated the stress and rest perfusion of the two VM202-injected segments (apical and mid inferior walls) among the total of 20 segments (Table 4 and Figure 1 ). There was a statistically significant increase in stress perfusion 3 and 6 months after the VM202 injection (baseline (58.3±10.2%) vs 3-month (64.3±9.6%) vs 6-month (63.9±9.7%), P ¼ 0.0031; Figure 1a and Table 4 ). 
HGF (ng ml The magnitude of positive effects decreased with time. Similar tendency was found in the rest perfusion analysis. As shown in Figure 1b , the rest perfusion increased considerably during the first 3 months after the treatment (baseline vs 3-month, 70.2±8.6% vs 74.5±7.5%, P ¼ 0.015) and then decreased to near baseline value during the next 3 months (baseline vs 6-month, 70.2 ± 8.6% vs 72.2 ± 7.9%, P ¼ 0.401). Regarding systolic thickening, there was no statistically meaningful increment during the study period (P ¼ 0.7479, Figure 1c ). The thickness of the mid inferior wall of the left ventricle on the short-axis view was examined using cardiac MRI. Although statistically insignificant, there was a tendency of increase in systolic (P ¼ 0.0650, Figure 1d ) and diastolic wall thickness (P ¼ 0.0731, Figure 1e ). However, there was no noticeable change in systolic thickening in the same territory (P ¼ 0.6544, Figure 1f ). Gadolinium enhancement on the apical and mid inferior wall, the infarct area on injected site, demonstrated no significant change among the three cohorts or all time intervals (data not shown).
DISCUSSION
This phase I clinical study evaluated the safety, tolerability and potential efficacy of VM202 injected trans-epicardially to IHD patients. There are three major findings: (1) the intramyocardial injections of VM202 were safe and well tolerated at doses as high as 2.0 mg without any significant AEs related to VM202 itself or the injection procedure during the 6-month follow-up period; (2) this study, though small in scale, demonstrated that the territory injected by VM202 showed improvement of regional myocardial perfusion, particularly in the stress phase, and the wall thickness; (3) elevation of the HGF protein level in plasma and presence of anti-HGF antibodies in serum were not detected in all patients.
Except for the abnormal reactions related to CABG procedure, there was no dose-limiting toxicity that met the definition of 'severe abnormal reaction' from Spilker's classification or 'over grade 3' from WHO toxicity scale. Therefore, the dose of cohort III (2 mg per 4 ml) was determined to be the tolerated dose. A total of 112 AEs was reported in nine patients during the study period. However, none was related to VM202, and no patient was excluded from the study due to abnormal reactions. Also, there were no clinically abnormal findings from laboratory tests, physical examinations, and vital signs. One SAE found in one patient (subject no. 3 of cohort I) was the delayed discharge from the hospital due to worsening of spinal stenosis and infectious spondylitis; thus, this SAE was irrelevant to the intramyocardial injection of VM202. Although subject no. 1 and subject no. 2 of cohort I developed supraventricular tachycardia and hypertensive retinopathy, respectively, these events did not seem to be associated with the VM202 treatment because transient supraventricular tachycardia is a common post-cardiac surgery reaction, and, unlike proliferative retinopathy, hypertensive retinopathy has no known relationship with HGF. In addition, the absence of other types of SAEs was confirmed by various methods; there were no hematoma around the injected region (by TTE and cardiac MRI), no significant electrocardiography change, no continuous arrhythmia (by TTE) and no major adverse cardiac event (MACE) during the follow-up period. Recently, Henry et al.
14 reported that there were no serious complications and adverse effects related to VM202 occurred in patients with critical limb ischemia in a 12-month survey. The present study provides additional safety data on VM202, which in this case was intramyocardially administered to patients with IHD.
The present study showed that global myocardial functions such as WMSI and stress perfusion significantly improved 6 months after CABG combined with VM202 injections. It appears that these global improvements were a direct result of CABG itself, because all grafts were widely patent on left coronary artery system. However, it is noteworthy that there were increases in stress perfusion and wall thickness of diastolic and systolic phases in the RCA territory injected with VM202. Even though the effects of collateral perfusion caused by left-sided CABG were taken into account, the VM202 injection appears to be another plausible cause of the improvement in the un-revascularized territory. Because this study population (n ¼ 9) was too small to be concluded as a clinical meaning, the efficacy of VM202 injection will be evaluated more precisely in the next stage of the clinical study by comparing the VM202-treated group with the control group receiving only CABG on the left anterior descending artery and left circumflex artery territory leaving RCA territory untreated.
There are many reports about the efficacy of HGF in ischemic conditions. [7] [8] [9] [10] [11] [12] [13] 16, 17 One proposed mechanism of HGF in ischemia would be that HGF exerts cardio-protective effects by inducing proliferation and migration of endothelial cells, migration of vascular smooth muscle cells, and reduction in apoptotic cell death at the infarct border zone. In our previous animal studies, it was shown that VM202 would be more effective than vascular endothelial growth factor in aspects of angiogenesis and myocardial perfusion. 13 It has also been reported that VM202 could lead to nearly complete recovery of LVEF and improve the radial and circumferential strain of remote, peri-infarcted, and Figure 1 . Effect of intramyocardial VM202 injection on regional myocardial function. Significant increase of stress and rest perfusion (a, b) in the RCA region on myocardial SPECT was observed at 3 and/or 6 months after VM202 treatment. Also, improved tendency of the systolic and diastolic wall thickness (d, e) in the RCA region on cardiac MRI was observed at 3 and 6 months after the treatment. Systolic thickenings measured by myocardial SPECT and cardiac MRI were not improved after the treatment (c, f ). infarcted regions in swine models. [18] [19] [20] HGF plasmid DNA has been also used for peripheral vascular diseases. Morishita et al., Gu et al. and Henry et al. reported the safety and therapeutic potential of naked DNAs expressing single isoform or dualisoforms of HGF in patients with critical limb ischemia. [14] [15] [16] [17] Generation of the anti-HGF antibody is one of the often raised concerns toward the HGF gene therapy because it may result in SAEs by inhibiting natural functions of HGF. [21] [22] [23] Gu et al. 15 and Henry et al.
14 reported that no cohort showed generation of antibodies to the two isoforms of HGF protein in critical limb ischemia patients. Powell et al. 17 also showed that no patient developed antibodies to the single isoform of HGF protein during their study. Consistent with the findings from the previous studies, intramyocardially injected VM202 did not lead to the generation of anti-HGF antibodies. One possible explanation for these phenomena would be that VM202 produces the HGF protein identical to the endogenous HGF protein. One other possible reason would be that the plasma level of HGF in patients with acute coronary syndrome might be high enough to mask the effects of the HGF protein produced by VM202. 23 In addition, intramyocardial injection of VM202 did not increase the HGF concentration in plasma, and this observation is consistent with the results shown in previous preclinical studies. 24, 25 Taken together, it could be concluded that direct local injection of VM202 could produce therapeutic effects without off-target effects such as aggravation of diabetic proliferative retinopathy or malignancies.
The present study shows that intramyocardial administration of naked DNA expressing two isoforms of HGF is safe at doses as high as 2 mg and also has encouraging therapeutic potential in patients with IHD. These data support the performance of a nextstage clinical trial with VM202 as an adjunct therapy to CABG or minimal invasive surgical injection of VM202 alone without CABG.
MATERIALS AND METHODS
Study design
This phase I clinical trial was an open label, non-placebo controlled, doseescalation, single center study (http://www.clinicaltrials.gov; registration number: NCT01422772). This study was approved by the institutional review board of Seoul National University Hospital (no. H-0604-028-172). From January 2007 to February 2010, consent from a total sixteen patients was obtained; among them, six patients whose RCA branches (PDA (posterior descending artery) or PLbr (posterolateral branch)) showed an enough size for anstomosis were excluded intraoperatively and one patient failed to pass the screening procedure preoperatively. As a result, a total of nine patients (three per dose cohort) were enrolled to receive 0.5 mg (cohort I: four injections, 0.125 mg per 0.25 ml per injection), 1.0 mg (cohort II: eight injections, 0.125 mg per 0.25 ml per injection) or 2.0 mg (cohort III: eight injections, 0.25 mg per 0.5 ml per injection) of VM202 via single trans-epicardial injections into the RCA region after CABG (Figure 2 ). Following the intramyocardial injection of VM202, changes in myocardial functions, as well as the safety and tolerability of the study drug, were evaluated at baseline (injection date) and throughout the subsequent 6-month follow-up period.
Patient eligibility
Inclusion criteria included the followings: among all the patients who were selected as candidates for CABG, patients who had been experiencing reduction of perfusion in the inferior wall (rest perfusion À stress perfusion:X7% on myocardial SPECT) but were not eligible for anastomosis of PDA and/or PLbr) due to narrowness of the vessel diameters were selected as the initial candidates. The age limitation for enrollment was from 19-to 75-years old. Patients who had small-sized PDAs and/or PLbrs (diameters:o1 mm) or hypoplastic RCA without a left dominant pattern on their pre-operative coronary angiography were enrolled. However, patients who had graftable right coronary artery systems according to intra-operative findings were excluded.
Exclusion criteria included the followings: on-going heart failure symptoms over Killip classification II, severe low LVEF (o25%), history of ventricular arrhythmia or uncontrolled arrhythmia, history of cerebrovascular accident, proliferative retinopathy, hepatic failure (SGOT (serum glutamic oxaloacetic transaminase)/SGPT (serum glutamic pyruvic transaminase):42 Â upper normal limit), and renal failure (serum creatinine:42 mg dL À 1 , anuria, acute renal failure, on hemodyalysis dependent person). Patients scheduled to have combined cardiac operation or redo-sternotomy were also excluded from the study.
Study material VM202 (pCK-HGF-X7) is a plasmid DNA that is designed to produce two isoforms of HGF protein consisting of 723 and 728 amino acids. [13] [14] [15] [18] [19] [20] [24] [25] [26] Detailed information about VM202 is described by Pyun et al. 24 Bulk drug substance and lyophilized drug product of VM202 used in the present study were manufactured by Strathmann Biotec (Hannover, Germany) and Pegasus Pharma (Hannover, Germany). VM202 was supplied in a sterile glass vial containing 2 mg of lyophilized study product and stored at 2 to 8 1C. Two milligram of lyophilized VM202 was diluted with 4 ml of water for injection and melted for 5 min at room temperature of the operating field. Then, a 1-ml syringe was used for injection (0.5 mg per 1 ml per syringe).
Operative procedures and injection
All procedures for CABG were performed by off-pump technique because any effect of cardiopulmonary bypass had to be excluded. The procedures of off-pump CABG have been clearly described in our previous paper. 27 After revascularization of the left coronary artery system, VM202 was injected into 4 or 8 sites around the PDA course as shown in Figure 2 following protamine half reversal. A 27-gauze syringe was used for each epicardial injection. After the injection, any occurrences of hematoma or bleeding in the injected area were closely observed until pericardial closure. 
